In plants, geranylgeranyl diphosphate (GGPP) is produced by plastidic GGPP synthase (GGPPS) and serves as a precursor for vital metabolic branches, including chlorophyll, carotenoid, and gibberellin biosynthesis. However, molecular mechanisms regulating GGPP allocation among these biosynthetic pathways localized in the same subcellular compartment are largely unknown. We found that rice contains only one functionally active GGPPS, OsGGPPS1, in chloroplasts. A functionally active homodimeric enzyme composed of two OsGGPPS1 subunits is located in the stroma. In thylakoid membranes, however, the GGPPS activity resides in a heterodimeric enzyme composed of one OsGGPPS1 subunit and GGPPS recruiting protein (OsGRP). OsGRP is structurally most similar to members of the geranyl diphosphate synthase small subunit type II subfamily. In contrast to members of this subfamily, OsGRP enhances OsGGPPS1 catalytic efficiency and specificity of GGPP production on interaction with OsGGPPS1. Structural biology and protein interaction analyses demonstrate that affinity between OsGRP and OsGGPPS1 is stronger than between two OsGGPPS1 molecules in homodimers. OsGRP determines OsGGPPS1 suborganellar localization and directs it to a large protein complex in thylakoid membranes, consisting of geranylgeranyl reductase (OsGGR), light-harvesting-like protein 3 (OsLIL3), protochlorophyllide oxidoreductase (OsPORB), and chlorophyll synthase (OsCHLG). Taken together, genetic and biochemical analyses suggest OsGRP functions in recruiting OsGGPPS1 from the stroma toward thylakoid membranes, thus providing a mechanism to control GGPP flux toward chlorophyll biosynthesis.
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terpenoids | geranylgeranyl diphosphate synthase | chlorophyll biosynthesis | rice | protein complex formation T erpenoids are one of the largest and most structurally diverse classes of plant primary and secondary metabolites and are involved in numerous physiological and ecological processes ranging from growth and development to communication, environmental adaptation, and defense (1, 2) . All terpenoids derive from the universal five-carbon (C 5 ) units, isopentenyl diphosphate (IPP) and its allylic isomer dimethylallyl diphosphate (DMAPP), which are synthesized in plants by two compartmentally separated, but metabolically cross-talking, isoprenoid pathways, the mevalonate and methylerythritol phosphate pathways (3) . IPP and DMAPP are subsequently used by short-chain prenyltransferases (PTSs) to produce prenyl diphosphate precursors: geranyl diphosphate (GPP, C 10 ), farnesyl diphosphate (FPP, C 15 ), and geranylgeranyl diphosphate (GGPP, C 20 ) (2, 4, 5) . Short-chain PTSs determine not only the chain length of their products but also the compartmental localization of product biosynthesis. By catalyzing the branch-point reactions, they control precursor flux toward various classes of terpenoids.
Among the prenyl diphosphate intermediates, GGPP biosynthesis represents an essential metabolic node, as this precursor is shared by several vital metabolic pathways, particularly in plastids, including the biosynthesis of carotenoids and their derivatives (e.g., plant hormones abscisic acid and strigolactones), as well as gibberellins, plastoquinones, tocopherols, and the phytyl tail of chlorophylls (3). However, it remains largely unknown how allocation of GGPP among different downstream metabolic branches is regulated in plants, especially for pathways located in the same subcellular compartment. It has been proposed that different members of a GGPP synthase (GGPPS) multigene family provide GGPP for different metabolic branches (6, 7), or GGPPS proteinprotein interactions with downstream GGPP-using enzymes allow GGPP channeling to specific downstream pathways (8) .
To address this question, we used rice as a model system. Here, we report that the rice genome encodes one functionally active GGPPS in plastids, which exists as homo-and heterodimeric proteins. Its dimerization state, product specificity, and catalytic efficiency are controlled by GGPPS recruiting protein (GRP),
Significance
As the largest class of natural products found in all living organisms, terpenoids play essential roles in plant growth, development, respiration, photosynthesis, and environmental interactions. Geranylgeranyl diphosphate (GGPP), a precursor for several terpenoid metabolic branches including chlorophyll, carotenoid, and gibberellin biosynthesis, is produced by GGPP synthase (GGPPS) in plastids. We discovered that rice GGPPS recruiting protein (GRP), which forms a heterodimer with the only plastidic GGPPS, controls GGPPS dimerization state and enhances its catalytic properties. By interacting with GGPPS, GRP determines its allocation from stroma to thylakoid membranes, where the heterodimer exists in a complex with chlorophyll biosynthetic proteins. GGPPS recruitment to thylakoids by GRP represents a mechanism directing metabolic flux toward a specific product in the terpenoid metabolic network.
which also determines GGPPS subchloroplast localization. Genetic analysis further revealed that targeting GGPPS to thylakoid membranes via protein-protein interactions plays a key role in regulating GGPP flux toward chlorophyll biosynthesis.
Results
Rice Has Only One Functional GGPPS in Plastids. A search of the rice genome for genes with sequence similarities to PTSs from Arabidopsis thaliana revealed 12 PTS candidate genes (SI Appendix, Table S1 and Fig. S1 ). Analysis of their amino acid sequences using multiple subcellular localization prediction programs (PSORT, YLoc, TargetP, and Predator) predicted that three to four proteins are localized to plastids. To experimentally determine subcellular localization, ORFs of all 12 candidate genes were fused to the 5′-end of the enhanced yellow fluorescent protein (EYFP) gene and transiently expressed in rice leaf protoplasts. The EYFP signal was found in chloroplasts for four proteins encoded by Os01g14630, Os07g39270, Os02g44780, and Os12g17320 (Fig. 1A and SI Appendix, Fig. S2 ), thus confirming their predicted plastidic localization. Interestingly, of four proteins, Os07g39270 displayed two different fluorescent patterns: a diffused pattern in chloroplasts of most protoplasts (27 of 35 analyzed) and a speckled pattern in the remaining protoplasts (Fig. 1A) . No speckled fluorescence pattern was observed when only Os07g39270 chloroplast transit peptide was fused to the N terminus of EYFP (Fig. 1A) , suggesting the mature protein contributes to its thylakoid localization. In contrast, the Os02g44780-EYFP protein displayed exclusively the speckled pattern in chloroplasts (Fig. 1A) . Phylogenetic analysis revealed that among all 12 homologs, only Os01g14630 and Os07g39270 cluster with functionally characterized GGPPSs from other plant species (8, 9) (Fig. 1B and clade 1 in SI Appendix, Fig. S3 ).
To examine the ability of these four plastidic PTS homologs to synthesize GGPP, we performed complementation assays. Each candidate gene was transformed into Escherichia coli along with the pAC-94N vector carrying a gene cluster for carotenoid biosynthesis ( Fig. 2A) (10) . E. coli by itself is capable of producing IPP, DMAPP, and FPP, but not GGPP; thus, coexpression of a functional GGPPS will facilitate β-carotene biosynthesis and change the white color of colonies to orange. Only colonies harboring Os01g14630 and Os07g39270 produced β-carotene, suggesting both proteins are able to synthesize GGPP in E. coli (Fig. 2B) .
To further functionally characterize Os01g14630 and Os07g39270, affinity-purified His-tagged recombinant proteins (SI Appendix, Fig.  S4 ) were incubated with IPP as a substrate and DMAPP, GPP, or FPP as a cosubstrate, and products were analyzed by LC-MS/MS ( Fig. 2C and SI Appendix, Fig. S5 A-C). Os07g39270 protein exhibited GGPPS activity, producing GGPP as the main product from IPP and DMAPP (67.3%) with small amounts of GPP (27.2%) and FPP (5.5%) (Fig. 2C ). It could also use GPP and FPP as cosubstrates with IPP, producing a mixture of FPP (64.6%) and GGPP (35.4%), or sole GGPP, respectively (SI Appendix, Fig. S5 A and B). In contrast, Os01g14630 produced GPP as the only product from IPP and DMAPP (Fig. 2C) . It was also able to produce GGPP from IPP and FPP (SI Appendix, Fig. S5B ), thus explaining GGPP formation in the E. coli complementation assays (Fig. 2B) . Taken together, our results indicate that Os01g14630 is a GPP synthase (GPPS) and Os07g39270 is a GGPPS (designated as OsGGPPS1).
Os02g44780 with Homology to Members of GPPS Small Subunit Type II Subfamily Enhances OsGGPPS1 Catalytic Efficiency and Specificity.
One of the four identified plastidic PTS homologs, Os02g44780, appeared to belong to a GPPS small subunit type II (SSU II) subfamily ( Plasmid pAC-94N contains the E. herbicola carotenoid biosynthetic genes, crtB, crtI, and crtY, with the exception of crtE. When coexpressed with a functional GGPPS, the pathway is complemented and β-carotene is produced. (B) Complementation assay for detecting GGPPS activity of the rice PTS homologs that have chloroplast localization. Functionally characterized GGPPS from Antirrhinum majus (AmLSU) and pET32b empty vector were used as positive and negative controls, respectively. Data are means ± SEM (n = 3 biological replicates). **P < 0.01; Student's t test. (C) LC-MS/MS chromatograms showing the products generated by Os01g14630 (OsGPPS), Os07g39270 (OsGGPPS1), Os02g44780 (OsGRP), and a mixture of Os07g39270 and Os02g44780 (1:1) from IPP and DMAPP in vitro, as well as GPP, FPP, and GGPP standards (1 μM each).
of this subfamily are catalytically inactive but are able to bind GGPPS and modulate its product specificity from GGPP to GPP (11) . Recombinant Os02g44780 protein (SI Appendix, Fig. S4 ) displayed no catalytic activity when assayed with IPP and any of the three cosubstrates ( Fig. 2C and SI Appendix, Fig. S5 A and B), which was consistent with the E. coli complementation assays (Fig. 2B) . Moreover, crystallographic analysis revealed that Os02g44780 contains a loop in its catalytic center that prevents substrate binding (SI Appendix, Fig. S6 ).
To determine whether Os02g44780 is able to interact with GGPPS and change its product specificity from GGPP to GPP, PTS activity was determined using a mixture of equal amounts of recombinant OsGGPPS1 and Os02g44780 proteins. Unlike OsGGPPS1 alone, a mixture of both proteins produced predominantly GGPP from IPP with any of the three co-substrates (DMAPP, GPP, or FPP) ( Fig. 2C and SI Appendix, Fig. S5 A and B), thus displaying improved, but not modified, OsGGPPS1 product specificity. Primarily GGPP formation from GPP and IPP was a result of an increased catalytic efficiency of OsGGPPS1/ Os02g44780 toward FPP as a substrate. An approximately sevenfold increase in V max with FPP in the mixture of OsGGPPS1 and Os02g44780 (Table 1) facilitates conversion of FPP, derived from a promiscuous OsGGPPS1 side reaction, to GGPP (SI Appendix, Fig. S5B ). Moreover, in the presence of the catalytically inactive Os02g44780, OsGGPPS1 exhibits ∼14.5-fold higher affinity for IPP than OsGGPPS1 alone ( Table 1 ). The addition of Os02g44780 to OsGGPPS1 at a 2:1 ratio did not alter kinetic parameters of OsGGPPS1/Os02g44780 (SI Appendix, Table S2 ). In addition, E. coli harboring both OsGGPPS1 and Os02g44780 produced more β-carotene in complementation assays than those expressing only OsGGPPS1 (SI Appendix, Fig. S5D ). Taken together, these results suggest that the interaction with Os02g44780 not only increases product specificity of OsGGPPS1 but also accelerates its activity.
OsGGPPS1 Interacts with Os02g44780 in Chloroplast Thylakoids. To determine the subchloroplast compartments corresponding to the diffused (OsGGPPS1-EYFP only) and speckled (OsGGPPS1-and Os02g44780-EYFP) signals (Fig. 1A) , isolated rice chloroplasts were fractionated into stroma, thylakoid, and envelope membrane fractions and subjected to Western blot analysis. OsGGPPS1 was found in both stroma and thylakoid membrane fractions, whereas Os02g44780 was detected solely in thylakoid membranes (Fig. 1C) .
Given the thylakoid localization of Os02g44780 and OsGGPPS1, using yeast two-hybrid (Y2H), pull-down, and bimolecular fluorescence complementation (BiFC) assays (12), we analyzed whether these proteins interact with each other. Indeed, Y2H assays revealed that OsGGPPS1 could interact with itself and with Os02g44780 (Fig. 3A) . Quantitative assays of the β-galactosidase activity showed that interaction between OsGGPPS1 and Os02g44780 was eightfold stronger than that between two OsGGPPS1 molecules (Fig. 3A) . For pull-down assays, untagged OsGGPPS1 was coexpressed with His-tagged Os02g44780 in E. coli. OsGGPPS1 was copurified with His-Os02g44780 on Ni-nitrilotriacetic acid (NTA) agarose with a ratio of ∼1:1, demonstrating the interaction between these two proteins (Fig. 3B) . Moreover, BiFC assays revealed that two molecules of OsGGPPS1 fused to the N-and C-terminal halves of EYFP (nEYFP and cEYFP, respectively) interact with each other in the stroma displaying a diffused fluorescence (Fig. 3C) . In contrast, BiFC assays with OsGGPPS1 and Os02g44780 exhibited a speckled fluorescence pattern exclusively in thylakoid membranes (Fig. 3C) . On the basis of these results and further genetic evidence (see following), we designated Os02g44780 as GGPPS recruiting protein (OsGRP).
High Affinity of OsGRP Toward OsGGPPS1 Favors Heterodimer
Formation. To investigate the molecular mechanism of the protein interactions, we carried out structural analysis. Crystal structures of both the OsGGPPS1/OsGGPPS1 and OsGGPPS1/ OsGRP dimers were solved in apo forms at 2.0-and 3.6-Å resolutions, respectively (SI Appendix, Fig. S7A ). Statistics of data collection and model refinement are summarized in SI Appendix, Table S3 . The homodimeric OsGGPPS1 structure was similar to other established GGPPS structures (SI Appendix, Fig. S7A ) (13) (14) (15) . The heterodimeric rice GGPPS was formed by an OsGGPPS1 and an OsGRP monomer (SI Appendix, Fig. S7A ). The superimpositions of the structures of OsGRP and OsGGPPS1 yielded the root-mean-square deviations of 1.52 Å, indicating similar overall conformations. In addition, superimposition of the structures of OsGGPPS1 in the homodimer and heterodimer yielded root-mean-square deviations of only 0.64 Å, indicating the Data are means ± SD (n = 3 independent experiments). binding with OsGRP did not alter the structure of OsGGPPS1 (SI Appendix, Fig. S7B ). Because no significant differences between the homo-(OsGGPPS1/OsGGPPS1) and heterodimers (OsGGPPS1/OsGRP) at the conformation level were observed, we studied the interfaces of both dimers (SI Appendix, Fig. S8 A and B) . We found that two hydrophilic residues (His 145 and Asp 177 in OsGGPPS1, His 126* and Asp 158* in OsGRP, * denotes residues from OsGRP) are highly conserved in GGPPSs and OsGRP, as well as in SSUs from different plant species (SI Appendix, Fig. S8C and S1) Fig. S8D ). The latter could facilitate an additional hydrogen bond. In addition, three hydrophobic Phe residues (Phe Fig. S8E ).
The contribution of these OsGRP residues to the heterodimer formation was investigated by site-directed mutagenesis. Untagged OsGGPPS1 was coexpressed in E. coli with His-tagged wild-type OsGRP or its different mutants containing one or more amino acid substitutions (SI Appendix, Fig. S8F ). Ni-NTA agarose was used to purify His-OsGRP, and the amount of untagged OsGGPPS1 copurified with His-OsGRP was quantified to evaluate affinity of OsGRP and its mutants to OsGGPPS1. These analyses revealed that OsGGPPS1 was captured by wildtype OsGRP at the highest ratio (0.968, reflecting ∼1:1 ratio of OsGGPPS1 to OsGRP), demonstrating their strong interaction (SI Appendix, Fig. S8G, lane 1 ), OsGRP ability to interact with OsGGPPS1 was reduced to different levels (SI Appendix, Fig. S8G, lanes 4-7) . When three or all four residues were replaced simultaneously, OsGRP could hardly interact with OsGGPPS1 (SI Appendix, Fig. S8G, lanes 8 and 9) . Thus, structural analyses with site-directed mutagenesis and quantitative Y2H studies (Fig. 3A) suggest OsGRP has a structural advantage over OsGGPPS1 in the interaction with another OsGGPPS1 molecule, making the heterodimer formation more favorable than the homodimer formation.
OsGGPPS1/OsGRP Heterodimer Exists in a Multiprotein Complex
Containing OsGGR, OsLIL3, OsPORB, and OsCHLG. Previous studies showed that GGPPS can interact with several enzymes involved in isoprenoid biosynthesis in plastids downstream of the GGPP node, thereby directing metabolic flux toward specific downstream branches (8) . To determine whether the OsGGPPS1/ OsGRP dimer is also part of a multiprotein complex, we performed Y2H analyses. As potential interacting partners, we used phytoene synthase (PSY), copalyl diphosphate synthase (CPS), homogentisate geranylgeranyl transferase (HGGT), geranylgeranyl reductase (GGR), and chlorophyll synthase (CHLG), which are involved in carotenoid, diterpene/gibberellin, α-tocotrienol, and chlorophyll biosynthesis, respectively (SI Appendix, Fig. S9 ). Of the analyzed potential partners, only OsGGR (Os02g51080), an enzyme that reduces GGPP into phytyl diphosphate for chlorophyll biosynthesis in thylakoid membranes (16, 17) , interacted with OsGGPPS1 ( Fig. 4A and SI Appendix, Fig. S10A ). To further examine protein-protein interactions in planta, we performed pairwise BiFC by fusing OsGGPPS1 or OsGRP to nEYFP and the other potential partners (OsPSY, OsCPS, OsHGGT, OsGGR, and OsCHLG) to cEYFP. As in Y2H analysis, interactions were found only between OsGGR and OsGGPPS1 ( Fig. 4B  and SI Appendix, Fig. S10B ). Although interactions between GGR and GGPPS were shown previously in Arabidopsis (8), we found that OsGGR also interacts with OsGRP in rice (Fig. 4C and SI  Appendix, Fig. S10C) .
GGR is anchored to thylakoid membranes by light-harvestinglike protein 3 (LIL3) in Arabidopsis (18) (19) (20) . We found only one rice LIL3 ortholog (OsLIL3, Os02g03330). BiFC assays showed that, similar to Arabidopsis, there are interactions between OsLIL3 and OsGGR proteins in rice (Fig. 4D) . However, these assays also revealed interactions between OsLIL3 and OsGGPPS1 (Fig. 4B) , but not between OsLIL3 and OsGRP (Fig. 4C) . To determine whether OsGGPPS1 dimerization state affects these protein-protein interactions, OsGGPPS1-nEYFP and OsGGPPS1-cEYFP or OsGGPPS1-nEYFP and OsGRP-cEYFP were coexpressed with OsLIL3-mCherry or OsGGR-mCherry. Although EYFP fluorescence from the OsGGPPS1 homodimer in the stroma did not overlap with that of the mCherry signals from the thylakoid localized OsLIL3 or OsGGR proteins (Fig. 4 E and F) , the EYFP signal from the OsGGPPS1/OsGRP heterodimer perfectly overlapped with mCherry signals of OsLIL3 or OsGGR (Fig. 4 G and  H) . Taken together, our analysis revealed that OsGGPPS1 as a heterodimer with OsGRP interacts with both OsGGR and OsLIL3, OsGRP interacts only with OsGGR, and OsGGR also interacts with OsLIL3.
As Western blot analysis showed that OsGGPPS1, OsGRP, OsGGR, and OsLIL3 are all localized in thylakoid membranes (Fig. 1C) , we analyzed whether these four proteins coexist in a multiprotein complex. Blue native-PAGE of isolated rice thylakoid membranes with subsequent immunoblot analysis revealed that all four proteins were detected at the same position by their corresponding antibodies (SI Appendix, Fig. S11A ). On performing SDS/PAGE, as a second dimension, followed by immunoblotting, these four proteins were also found on the same vertical line (SI Appendix, Fig. S11B ), confirming they are constituents of the same multiprotein complex. In addition, blue native-PAGE analysis showed that protochlorophyllide oxidoreductase (OsPORB) and OsCHLG [although the latter was not found to directly interact with OsGGPPS1 or OsGRP (SI Appendix, Fig. S10 )] are components of the same complex containing the OsGGPPS1/OsGRP dimer, OsGGR, and OsLIL3 (SI Appendix, Fig. S11 ).
OsGRP Modulates GGPP Supply for Chlorophyll Biosynthesis. On the basis of subchloroplast localization (Figs. 1C and 4 E-H) , it can be assumed that OsGGPPS1 homodimers contribute GGPP to terpenoid metabolic branches located in the stroma, whereas OsGGPPS1/OsGRP heterodimers support branches localized in thylakoid membranes. The strong affinity between OsGGPPS1 and OsGRP implies that OsGGPPS1 allocation between stroma and thylakoid membranes could be determined by the OsGRP abundance, thereby regulating metabolic flux from GGPP toward different downstream metabolic branches. To test this hypothesis, we analyzed transgenic rice lines with down-and up-regulation of OsGGPPS1 and OsGRP expression.
Only one T-DNA insertion osggpps-1 line was identified, which retained 30% of wild-type OsGGPPS1 mRNA level (Fig. 5A) . osggpps-1 plants exhibited dwarf and leaf chlorosis phenotypes (Fig. 5 E and Q) . The chlorophyll and carotenoid levels were reduced by 77% and 64% relative to wild-type plants, respectively ( Fig. 5 I and M) , which was not different from empty vector control (SI Appendix, Fig. S12 A, C, and D) . The rice ortholog of GA4 (OsGA3OX1, Os05g08540), encoding GA 3β-hydroxylase, was used as marker for GA levels, as it has been shown that GA 3β-hydroxylase expression is negatively regulated by GA in a dose-dependent manner (21) . Significantly higher OsGA3OX1 transcript levels in osggpps-1 suggest GA levels were decreased in mutant seedlings (SI Appendix, Fig. S13A ). As no other OsGGPPS1 insertion lines could be identified, several attempts have been made to down-regulate OsGGPPS1 expression by RNAi. However, the resulting transgenic plants were unable to survive beyond the seedling stage. When OsGGPPS1 was overexpressed with mRNA levels more than fivefold higher than in the wild-type, rice plants showed promoted growth and enhanced chlorophyll contents (Fig. 5 B, F , J, and R). However, carotenoid levels were not affected by OsGGPPS1 overexpression, except for line OE#GG5, which showed a slight but significant increase (Fig. 5N) .
In the OsGRP T-DNA insertion and generated RNAi lines, OsGRP mRNA levels ranged from 40% to 55% of that in control plants (Fig. 5C ). Transgenic plants exhibited significant reduction in chlorophyll levels, by 42-74% relative to controls ( Fig. S15A ). In contrast, carotenoid levels were only slightly reduced, by 18-47% relative to control (Fig. 5O) , with antheraxanthin and zeaxanthin levels even being increased (SI Appendix, Fig. S14A ). In addition, expression of violaxanthin de-epoxidase gene (OsVDE) was increased (SI Appendix, Fig. S16A ), which might be a response to oxidative stress caused by chlorophyll deficiency. Minor effects were observed upon plant height on OsGRP down-regulation (Fig. 5 G and S) . When OsGRP mRNA levels were increased 9.6-to 25.9-fold, rice plants accumulated more chlorophyll but also showed reduced plant height (Fig. 5 D, H, L, and T). Quantification of OsGA3OX1 expression supported GA deficiency in these overexpression lines (SI Appendix, Fig. S13B ). In contrast to chlorophyll, carotenoid levels were decreased in OsGRP-overexpressing lines (Fig. 5P and SI  Appendix, Fig. S14B ). Similar OsGGPPS1 mRNA abundances in control and OsGRP-overexpressing plants suggest that OsGRP does not affect OsGGPPS1 at the transcriptional level (SI Appendix, Fig. S15B ). To further determine whether OsGRP alters OsGGPPS1 abundance and allocation, Western blot analysis was performed on thylakoid fractions isolated from OsGRP-overexpressing lines. Although no changes were detected in total OsGGPPS1 levels in OsGRP-overexpressing and control plants, higher OsGGPPS1 amounts were detected in thylakoids of OsGRPoverexpressing lines relative to control (Fig. 5U) . Taken together, our results suggest OsGRP controls OsGGPPS1 dimerization state and suborganellar localization, thus increasing flux toward chlorophyll biosynthesis and reducing flux toward competing terpenoid pathways.
Discussion
Our results show that OsGRP is a protein that shares homology with members of the GPPS SSU II subfamily, but exhibits an undescribed function. Although the SSU II subfamily is present in both angiosperms and gymnosperms, to date, only one member of this subfamily was functionally characterized (11) . It has been shown that Arabidopsis SSU II, although forming heterodimers with GGPPS, modifies the product profile and promotes the GPPS activity of GGPPS (11) . In contrast, OsGRP, a type II SSU homolog, does not modify, but improves product specificity of OsGGPPS1 and enhances its catalytic efficiency (Table 1) . OsGRP also changes OsGGPPS1 subchloroplast localization from stroma to thylakoid membranes (Fig. 3C) , suggesting a diversity of functions for the type II SSU subfamily. Structural elucidation and site-directed mutagenesis studies (SI Appendix, Fig. S8 ) revealed that OsGRP has higher affinity toward OsGGPPS1 than one OsGGPPS1 molecule toward the other OsGGPPS1 in homodimers.
GGPP is a precursor of a variety of essential plant metabolites including carotenoids, tocopherols, phylloquinones, plastoquinones, gibberellins, and chlorophylls. However, the mechanism allocating GGPP among competing metabolic pathways leading to formation of these compounds is still unclear. Here, we demonstrated that rice contains only one functionally active GGPPS in plastids (Figs. 1 and 2 and SI Appendix, Fig. S5 A and  B) . OsGGPPS1 exists as homodimeric and heterodimeric protein (the latter in complex with OsGRP), which have different subchloroplast localization (Fig. 3C) . Although OsGGPPS1 homodimers are localized in the stroma, OsGGPPS1/OsGRP heterodimers were found exclusively in thylakoid membranes in which both OsGGPPS1 and OsGRP interact with OsGGR, and all are constituents of a multiprotein complex (Fig. 4 B and C and SI Appendix, Fig. S11 ). The interaction of OsGGPPS1/ OsGRP with OsGGR and OsLIL3 (Fig. 4 G and H) , and indirectly with OsPORB and OsCHLG (SI Appendix, Fig. S11 ), suggests the GGPP produced by the OsGGPPS1/OsGRP heterodimer might be directly converted to phytyl-PP, the immediate precursor for the phytyl side chain of chlorophylls. Indeed, down-or up-regulation of either OsGGPPS1 or OsGRP mRNAs leads to decreased or increased chlorophyll levels, respectively (Fig. 5 I-L) , suggesting both proteins are required for chlorophyll formation. Moreover, OsGRP overexpression led to decreases in carotenoid and GA formation, which compete with chlorophyll biosynthesis for GGPP supply (Fig. 5P and SI Appendix, Fig.  S13B ). Reduced carotenoid and GA levels are likely the result of an overwhelming recruitment of OsGGPPS1 to thylakoid membranes by OsGRP (Fig. 5U) , and thus insufficient supply of GGPP produced by the remaining homodimeric OsGGPPS1 in the stroma for their biosynthesis. Thus, by controlling the different dimerization states of OsGGPPS1, OsGRP modulates the ratio between OsGGPPS1 homo-and heterodimer distribution in stroma and thylakoid membranes, respectively, and regulates GGPP flux toward downstream terpenoid metabolites.
The situation observed in rice is different from what has been described earlier in Arabidopsis (8), where several plastidic GGPPS paralogs with GGPPS activity in vitro were identified. Unfortunately, the functions of most of these GGPPS isoforms in planta remain unknown. However, similar to rice, one isozyme, AtGGPPS11, is a hub protein that interacts with PSY and GGR, thus channeling GGPP toward carotenoids and chlorophylls, respectively (8) . Although interactions between OsGGPPS1 and OsGGR were found in rice (Fig. 4 A and B) , binding of OsPSY to OsGGPPS1 was not detected (SI Appendix, Fig. S10) .
Overall, we demonstrate that the thylakoid membrane-localized OsGRP possesses a strong affinity toward OsGGPPS1, and that its abundance determines the OsGGPPS1 dimerization state and localization. By interacting with OsGGPPS1, OsGRP directs it to a multiprotein complex containing chlorophyll biosynthetic proteins, thus providing a mechanism controlling GGPP allocation between different terpenoid pathways localized in the same subcellular compartment.
Materials and Methods
Details about plant material and growth conditions are described in SI Materials and Methods. Generation of constructs, gene expression, protein crystallization, plant transformation, subcellular localization analysis, Y2H, BiFC, pulldown assays, site-directed mutagenesis, enzymatic assays, blue native-PAGE and Western blot analysis, and targeted metabolic profiling were carried out according to protocols described in SI Materials and Methods.
